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We demonstrate a femtosecond single pass Raman generator based on an YVO 4 crystal pumped by a high energy fiber laser at a wavelength of 1064 nm and a repetition rate of 1 MHz. The Raman generator shifts the pump wavelength to 1175 nm, in a broadband spectrum, making it suitable for multi-photon microscopy. We use the Raman generator for third harmonic generation imaging of live plant specimens as well as for two-photon fluorescence imaging of red fluorescent protein expressing HeLa cells. We demonstrate that the photo-damage to a live specimen is low. C Multi-photon imaging is used for biological specimens due to its much larger penetration depth compared to single photon imaging, 1 intrinsic sectioning capability, and low out of plane photo-bleaching. 2 One mode of multi-photon imaging is third harmonic generation (THG) imaging, which allows label-free visualization of, for example, blood vessels and red blood cells, 3 and lipid structures. 4 The latter are highly important as lipid structures and droplets are key components in a number of disease conditions such as diabetes, atherosclerosis, and neurodegeneration by loss of myelination of axons. 5 For THG imaging, it is crucial to have access to ultrashort excitation pulses at longer wavelengths than those available with a Ti:sapphire laser (>1080 nm), the most commonly used laser for nonlinear microscopy. These longer wavelengths are crucial since the detected wavelength is otherwise in the UV wavelength range, where standard microscope optics as well as the tissue itself has low transparency.
Longer excitation wavelengths would also allow more efficient excitation of fluorescence from red-emitting dyes and fluorescent proteins, e.g., Alexa 647 1 and red fluorescent protein (RFP), 6 as well as red-emitting calcium indicators. Such red-emitting dyes are increasingly being used for bio-imaging since they facilitate fluorescence imaging with multiple labels as well reduce interference from tissue autofluorescence. 6 In this letter we report a single pass Raman generator (SPRG) based on yttrium orthovanadate (YVO 4 ), pumped at 1064 nm by a 1 µJ pulse energy, ultrafast fiber laser at 1 MHz. The YVO 4 crystal has a Raman frequency of 890 cm −1 , 7 shifting the wavelength of the pump to 1175 nm by stimulated Raman scattering (SRS) in the crystal. SRS has previously been used for frequency conversion of ps and longer pulses [7] [8] [9] as well as fs pulses, [10] [11] [12] [13] by constructing Raman generators, 7-9,12,13 amplifiers, 7,10,11 and lasers. 14, 15 For fs pulses, the pulse length is less than the dephasing time (1/Raman linewidth) of the Raman material, which is a few ps for most Raman crystals, 15 and in this so-called transient regime, the Raman gain is low. Here, the short pump pulses allow competing nonlinear mechanisms, e.g., self-phase modulation, to broaden the spectrum substantially, which can be useful for imaging applications. The SPRG is the simplest of these devices a Author to whom correspondence should be addressed. 12 where the bandwidth of the pump laser must be similar to the Raman shift. Both of these devices were pumped with lasers with too low repetition rate (1 kHz) to be useful for laser point-scanning imaging, since it would result in excessively long pixel dwell-times. In the SPRG presented in this letter, however, the repetition rate of the pump laser is 1 MHz, which is more suitable for imaging.
We use this SPRG for non-linear imaging, namely, two-photon fluorescence microscopy and THG microscopy. As THG is a third-order nonlinear process, the high pulse energies, due to the low repetition rate, allow for efficient signal generation 16 (see supplementary material). This is also the case for fluorescence excitation although there are indications that a somewhat higher repetition rate (about 5-10 MHz, see Ref . 17) is optimal.
Raman generators have, to our knowledge, not been used for multi-photon imaging although a Raman generator pumped by a ns pulse, emitting second Stokes radiation at 599 nm, was used for time gated one-photon fluorescence imaging in Ref. 9 .
Alternatives to devices based on SRS for extending the wavelength beyond about 1080 nm are optical parametric oscillators (OPOs), 18 Cr:forsterite lasers, 19 and more recently, commercial systems tunable to ca 1300 nm. 20 These are however costly and/or challenging to build and to maintain (the cost of the SPRG described here was ca £50k). In addition, these often work at repetition rates of 10s of MHz, which is not optimal for THG microscopy, as discussed above. Erbium doped fiber lasers have been used for long wavelength imaging at their intrinsic wavelength of around 1500 nm. 21, 22 Fiber lasers have also been used as pump lasers for tunable systems employed for imaging based on pumping a nonlinear optical element. 23 For 1300 nm low repetition rate fiber based OPAs are available, e.g., Ref. 24 . Femtosecond optical parametric generators, which are simple to setup, emitting at suitable wavelengths for THG imaging have been demonstrated, 16, 25 and also used for imaging, 16 although at longer wavelengths than used here. There is possibly a trade-off between using longer wavelengths with large penetration depth and poorer performance of standard objective lenses at long wavelengths.
A schematic of the SPRG is shown in Fig. 1(a) . The a-cut YVO 4 crystal (Casix 501-060-400) was 9.6 mm long and was AR coated for 1525-1565 nm. The transmission of the crystal at 1064 nm and 1175 nm is 90% and 88%, respectively. The crystal was pumped at 1064 nm by a high-pulse-energy (1 µJ) ultrafast Yb:fiber laser (Fianium HE1060-1 µJ-fs) emitting 400-fs pulses, with 12 nm band width, at a repetition rate of 1 MHz. The pump light was focused into the YVO 4 crystal using a f = 125 mm focal length plano-convex singlet lens, and the emission was collimated using a f = 25 mm plano-convex singlet lens. The pump beam was polarized parallel to the c-axis of the crystal using a half-wave plate.
For the imaging experiments, the Raman generator output was filtered by a 1150 nm long pass filter (Thorlabs FEL1150) to remove the pump laser light and coupled into a home-built laser scanning multi-photon microscope, 16 Fig. S1 of the supplementary material. To compare the efficiency of excitation of fluorescence for the pump laser wavelength and the Raman shifted wavelength, the pump beam was also optionally coupled into the microscope and overlapped with the Raman shifted emission using a flip mirror. For comparing THG imaging with lasers with different repetition frequencies, THG images were also obtained using a commercial OPO at a wavelength of 1170 nm, pulse duration of 200 fs, a bandwidth of 25 nm, and a repetition frequency of 80 MHz (Coherent Chameleon OPOVis).
We performed two-photon fluorescence imaging of HeLa cells expressing RFP-LifeAct. The cells were maintained as previously described. 26 The cells were fixed for 20 min using 3.7% paraformaldehyde (Sigma-Aldrich) in PBS and washed twice in PBS. The coverslip was then mounted using Vectashield Hard-Set Mounting Medium (Vector Laboratories). For THG imaging, live Spirogyra sp. were placed in a glass dish with water, and one end was held down using a weight to stop specimen drift during imaging. For evaluating the photo-damage during imaging, hairs from a Primrose sp. stem were imaged by cutting a small piece along the stem and mounting as for the Spirogyra sp. above or in a small drop of water under a coverslip sealed with vacuum grease for imaging using an oil immersion objective. A small piece of a leaf of an Elodea crispa was mounted as for the Spirogyra sp. The light was focused using a Nikon Plan Apo 60× NA 1.4 oil immersion objective for imaging the RFP expressing HeLa cells and the Primrose leaf hair specimens, and a Nikon Fluor 40× NA 0.8 water dipping objective for imaging the Spirogyra and the Elodea crispa specimens. The generated two-photon fluorescence and THG signals were collected in transmission by the condenser lens (NA 0.8). The two-photon fluorescence was filtered using a 700 nm short pass filter (E700SP, Chroma Technology) and the THG signal was filtered using a 390/70 nm bandpass filter (Chroma Technologies). The signal was detected using a photomultiplier tube (Thorlabs PMM02). The image had a pixel size of 350 nm for the Spirogyra specimens, 300 nm for the Elodea specimens, and 150 nm for the RFP expressing HeLa cells and the Primrose specimens. The pixel dwell was 10 µs for the Spirogyra and Elodea specimens, and 5 µs for the RFP expressing HeLa cells and the Primrose specimen. The output power of the Raman generator at wavelengths >1100 nm was about 25 mW, which corresponds to a conversion efficiency of 2.3%. The efficiency is likely limited by the walk-off between the pump and the Stokes pulse, which is due to the difference in refractive index at the pump and signal wavelength, rather than by the crystal length. The efficiency could possibly be improved by a double pass configuration similar to Refs. 8 and 25. The threshold was 450 mW (0.45 µJ) and the slope efficiency was 4%. The output spectrum for the Raman generator, using 1 W of pump power, is presented in Fig. 1(b) . The FWHM of the spectrum was 30 nm, and the 1/e 2 width was 160 nm for 1 W of pump power. The shape of the spectrum depended on the pump power ( Fig. 1(e) ). A plot of the output power as a function of pump power is shown in Fig. 2 of the supplementary material. The high peak energy pump pulses allow competing nonlinear mechanisms (e.g., self-phase modulation) to broaden the spectrum of the Raman-shifted pump pulse substantially. The small peaks in the spectrum are possibly the interference in the crystal coating. To clarify that this was a Raman shifted spectrum, and not solely supercontinuum generation in the crystal, 27 we present the spectrum filtered using a 1100 nm LP filter in the supplementary material. We used the SPRG with 1 W pump power for all the imaging experiments. The pulse length was measured using an autocorrelator (APE Pulse Check) to be 200 fs, assuming a Gaussian pulse shape. We note that the spectrum was too wide for the bandwidth of the autocorrelator crystal, and the pulse shape is not Gaussian (Fig. 1(d) ), but for these pulse lengths, the autocorrelation width/ √ 2 is a passable estimate of the pulse width. It was not possible to compress the pulse further using a simple (SF10) prism compressor of up to 1 m in length. The beam profile was measured using a CCD camera (Thorlabs DCU223C) and was close to Gaussian (Fig. 1(c) ). The output power was stable with a standard deviation in the total output power of 0.5% over 20 ms and 0.5% over 10 s.
The point spread function (psf) was measured for the 60× objective by THG imaging (using the 390/70 nm band pass filter for detection) of 500 nm diameter beads (TetraSpeck, Invitrogen T7281) mounted in Vectashield Hard-Set Mounting Medium. The lateral (axial) FWHM of the psf was 0.47 µm (1.7 µm), corrected for the bead diameter using deconvolution. To compare the psf for the pump laser and the SPRG, we also measured the psf by two-photon imaging of 500 nm diameter red-fluorescent beads (FluoSpheres F 8812, Molecular Probes). The axial FWHM of the psf was 1 µm and 1.3 µm for the pump laser and the SPRG, respectively, and the lateral FWHM of the psf for the pump laser was similar to the lateral FWHM of the psf for the SPRG. The theoretical lateral (axial) width of the psf for two-photon excitation is 210 nm (540 nm) at 1064 nm and 210 nm (600 nm) at 1175 nm.
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A two-photon fluorescence image of an RFP-LifeAct expressing HeLa cell is shown in Figure 2(a) . The RFP-LifeAct transfection of the cells results in RFP expression in F-actin, which allows visualization of F-actin-rich cell components, such as the filopodia. The filopodia were clearly visible in the image. The time-averaged excitation power at the sample plane was 3 mW. The fluorescence intensity was about two times higher at a given excitation power for excitation at 1175 nm as compared to at the pump wavelength 1064 nm, which we attribute mainly to the difference in excitation cross section. 6 We confirmed that the contrast in the image was from a two-photon process by acquiring a series of images at different excitation powers. The slope of a linear fit to the log-log plot of the signal averaged over 15 ROI over 5 cells versus excitation power was 1.9 ± 0.2, confirming the second order excitation process. Figure 2(b) shows a THG image of a Spirogyra specimen. Because of the small psf, the optical sectioning is clear (multimedia view). The signal level is very high (about a third of the saturation level of the PMT) despite the low time-averaged excitation power of 1 mW. The high signal intensity at low excitation powers is a key benefit of using lower repetition rate lasers for THG imaging, since the signal level scales inversely quadratically with the repetition rate of the laser. There was no visible change of the morphology of the Spirogyra sp. after imaging continuously for 25 min. Comparing the required excitation power for the same signal level using an OPO at 1170 nm and 80 MHz showed that it required about 11 times higher excitation intensity, due to the different repetition rates (Fig. S4 in the supplementary material) . We note that although there is no clear damage to the specimen for excitation with the OPO when using the water dipping lens, the high powers required did cause problems for samples in solid mounting media such as Vectashield or Gelvatol, when imaged using an oil immersion objective. We confirmed that the contrast in the image was from a third order process by acquiring a series of images at different excitation powers. The slope of a linear fit to the log-log plot of the signal averaged over 7 ROI over 2 Spirogyra sp. versus excitation power was 2.7 ± 0.2, confirming that the emission is THG.
In order to check that the high pulse energies of the laser were not causing damage to the sample, we imaged cytoplasmic streaming in an Elodea crispa leaf (Fig. 3) . We could observe the moving chloroplasts in THG by acquiring a series of consecutive images. The cytoplasmic streaming could still be observed after 30 min of continuous imaging using an excitation power of 1.2 mW at the sample plane, indicating the low photo-damage when imaging with this laser. To investigate the photo-damage with excitation conditions more similar to those used to image the RFP expressing cells (60× oil immersion objective lens), we imaged the cytoplasmic streaming in a Primrose leaf hair, as this specimen was more compatible with imaging using the oil immersion objective, which has a short working distance. The cytoplasmic streaming (evaluated by bright field imaging) could still be observed after 20 min of continuous imaging at an excitation power of 3 mW (supplementary material).
In conclusion, we have presented multi-photon imaging with a femtosecond single pass Raman generator. The Raman generator is very easy to setup, comprising only two lenses, a filter and a λ/2 plate in addition to the pump laser, and has a low noise output. The low repetition rate allows for efficient THG and two-photon fluorescence imaging. The THG imaging is further facilitated by the long wavelength, moving the THG emission into the visible wavelength range, where the detection efficiency is increased. Finally, we have demonstrated that the photo-damage is low when imaging with this laser.
See the supplementary material for additional spectra from the Raman generator, the effect of the pump power on the output power of the SPRG, images comparing THG excitation with the OPO and the SPRG, a description of the microscope, and a video showing bright-field imaging of the cytoplasmic streaming in a Primrose leaf hair.
